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Objectives We sought to investigate the clinical prognostic value of longitudinal and circumferential strain (S) and strain
rate (SR) in patients after high-risk myocardial infarction (MI).
Background Left ventricular (LV) contractile performance after MI is an important predictor of long-term outcome. Tissue deforma-
tion imaging might more closely reflect myocardial contractility than traditional measures of systolic functions.
Methods The VALIANT (Valsartan in Acute Myocardial Infarction Trial) Echo study enrolled 603 patients with LV dysfunc-
tion, heart failure, or both 5 days after MI. We measured global peak longitudinal S and systolic SR (SRs) from
apical 4- and 2-chamber views and global circumferential S and SRs from parasternal short-axis view with
speckle tracking software (Velocity Vector Imaging, Siemens, Inc., Mountain View, California). We related global
S and SRs to LV remodeling at 20-month follow-up and to clinical outcomes.
Results Both longitudinal (mean: 5.1  1.6 100/ms) and circumferential SRs (mean: 8.0  2.8 100/ms) were pre-
dictive of death or hospital stay for heart failure (hazard ratio: 2.4, 95% confidence interval [CI]: 2.0 to 3.1, p 
0.001; hazard ratio: 1.3, 95% CI: 1.2 to 1.4, p  0.001, respectively) after adjustment for clinical covariates by
Cox proportional hazards, and longitudinal SRs further improved in predicting 18-month survivor on a model
based on clinical and standard echocardiographic measures (increase in area under the receiver-operator char-
acteristic curve: 0.13, p  0.009). With multivariable logistic regression, circumferential SRs, but not longitudi-
nal SRs, was strongly predictive of remodeling (odds ratio: 1.3, 95% CI: 1.1 to 1.4, p  0.001).
Conclusions Both longitudinal and circumferential SRs were independent predictors of outcomes after MI, whereas only cir-
cumferential SRs was predictive of remodeling, suggesting that preserved circumferential function might serve
to restrain ventricular enlargement after MI. (J Am Coll Cardiol 2010;56:1812–22) © 2010 by the American
College of Cardiology Foundation
ublished by Elsevier Inc. doi:10.1016/j.jacc.2010.06.044f
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fuantification of left ventricular ejection fraction (LVEF)
n the basis of ventricular volumes has been the primary
ethod for assessing myocardial systolic function and myo-
ardial damage after myocardial infarction (MI) (1–5). This
easure, however, is load-dependent and neglects regional
From the Cardiovascular Division, Brigham and Women’s Hospital, Boston, Massa-
husetts; †Western Infirmary, Glasgow, United Kingdom; ‡Duke University Medical
enter, Durham, North Carolina; §Rigshospitalet, Copenhagen, Denmark; Division of
ardiology, Department of Internal Medicine, Mackay Memorial Hospital, Taipei,
aiwan; ¶Mackay Medical College, Taipei, Taiwan; #Mackay Medicine, Nursing and
anagement College, Taipei, Taiwan; and the **Department of Biostatistics, Dana-
arber Cancer Institute, School of Public Health, Harvard University, Boston,
assachusetts. Dr. Velazquez has served as an advisory board member and received
esearch grants from Novartis and Boehringer Ingelheim. Dr. Kober has received fees aunction (6). Moreover, accurate assessment of cardiac
echanics has proven elusive to traditional imaging modal-
ties, due in part to the complex spatial orientation and
istribution of muscle fibers in the longitudinal and circum-
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November 23, 2010:1812–22 Strain Rate and Remodeling and Prognosis After MIiques, including speckle-tracking imaging derived strain
S) and strain rate (SR)—which might more accurately
eflect intrinsic measures of myocardial contractility and
See page 1823
nable quantification of regional myocardial deformation—
ave allowed for analysis of longitudinal and circumferential
otion and have contributed substantially to the under-
tanding of cardiac mechanics (9–11).
Recent studies comparing longitudinal and circumferen-
ial function have shown that longitudinal function deteri-
rates early under cardiac pathologic conditions before the
nset of clinical symptoms and reduction in global ventric-
lar function (12), whereas circumferential function might
emain relatively preserved to compensate for cardiac function
hen longitudinal function starts to become dysfunctional (13)
nd in patients with early stage heart failure (14). We sought to
Figure 1 Peak Longitudinal and Circumferential S and Systolic
In a normal subject (A), strain (S) is negative with downward tracing, whereas stra
ing systolic phase and upward during diastolic phase. In a subject with myocardial
compared with other segments together with a reduced global (blue arrow) S and
each segment curve in S and SR.nvestigate the clinical and prog-
ostic importance of both mea-
ures on clinical outcomes and LV
emodeling in patients with high-
isk MI.
ethods
at ient popula t ion . The
ALIANT (Valsartan in Acute
yocardial Infarction Trial) en-
olled 14,703 patients with LV
ysfunction, heart failure, or
oth between 12 h and 10 days
fter acute MI and randomized
hem to receive valsartan, capto-
ril, or a combination (15). The
edian follow-up period was
urves
(SR) represents the rate of S and is downward with myocardial shortening dur-
tion (B), longitudinal S and SR from infarction segments (red arrows) were lower
mpared with the normal subject. The representative color codes correspond to
Abbreviations
and Acronyms
AUC  area under curve
CI  confidence interval
HF  heart failure
EF  ejection fraction
ESV  end-systolic volume
LA  left atrial
LV  left ventricle/ventricular
MI  myocardial infarction
WMSI  wall motion score
index
S  strain
SR  strain rate
SRs  systolic strain rate
2D  2-dimensionalSR C
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Strain Rate and Remodeling and Prognosis After MI November 23, 2010:1812–224.7 months. The VALIANT Echo study (3) enrolled 610
atients from the VALIANT population who underwent
-dimensional (2D) echocardiography at a mean time of
.0  2.5 days, and 603 patients had acceptable baseline
mages. Of the 603 patients enrolled for echo substudy after
xclusion of those with unqualified image quality or missing
iews, 20% had LV dysfunction—defined as LVEF 35%
o 50% of patients had heart failure diagnosed, and 30% had
oth. A scale system ranging from 1 (optimal) to 3 (unac-
eptable) for each segment was adopted for the selection of
mage quality suitable for Velocity Vector Imaging analysis
y 2 clinical physicians. Echo images with at least 1 segment
caled 3 were excluded from future analysis. After detailed
eview of the baseline echo images by 2 physicians, 380
63%) of the initial 603 VALIANT apical 2- and
-chamber images and 420 (75%) of the initial 558 VAL-
ANT short-axis images were chosen for further longitudi-
Baseline Clinical Characteristics of Patients StrTable 1 Baseline Clinical Characteristics of
Characteristic
<6.1
(n  95)

Age, yrs 60.36 13.22 6
Race
White 91 (95.8)
Nonwhite 4 (4.2)
Female 25 (26.3)
BMI, kg/m2 27.27 4.45 2
NYHA functional class III, n (%) 9 (12.3)
Medical history
MI 17 (17.9)
HTN 42 (44.2)
DM 18 (19.0)
HF 2 (2.10
eGFR, ml/min/1.73 m2 78.31 19.76 6
Killip class 1 69 (72.6)
Heart rate, beats/min 75.82 12.14 7
Blood pressure, mm Hg
Systolic 119.59 14.60 11
Diastolic 69.48 10.84
Site of infarct
Anterior wall infarct 44 (47.8)
Inferior wall infarct 41 (44.1)
Type of infarct
Q-wave 57 (62)
Non–Q-wave 36 (38.7)
Time to randomization 101.8 55 1
Medications at time of
randomization
Aspirin 85 (89.5)
Beta-blockers 64 (67.4)
Digoxin 5 (5.3)
Statin 43 (45.3)
Thrombolytic therapy 50 (52.6)
Primary PCI 22 (23.2)
Values are percentages, unless otherwise indicated.
BMI  body mass index; DM  diabetes; eGFR  estimated glomerular filt
infarction; NYHA  New York Heart Association functional class; PCI  percual and circumferential peak S and systolic strain rate (SRs)
nalysis on the basis of the availability of optimal endocar-
ial border definition. Both longitudinal and circumferential
and SRs analyses were available in a total of 311 cases.
chocardiographic analysis. All conventional echocardio-
raphic parameters including M-mode, 2D, and Doppler
mages were analyzed by the core laboratory at the Brigham
nd Women’s hospital from 3 separate cardiac cycles. The
V volumes and EF were traced manually at end-diastole
nd -systole at apical 4- and 2-chamber views and derived
rom modified biplane Simpson’s method. Other measures,
ncluding LV mass index, left atrial (LA) volume index,
itral regurgitation severity, wall motion score index
WMSI), and pulsed wave Doppler assessed from mitral
eaflets tip were calculated as previously described (3,4,16).
idwall fractional shortening was calculated from M-
ode–guided LV linear dimensions by using a spherical
d by Longitudinal SRs Groupnts Stratified by Longitudinal SRs Group
tudinal SRs (100/ms)
4.7
95)
4.7 to 4.0
(n  95)
>4.0
(n  95)
Trend
p Value
12.77 63.30 12.48 67.38 11.13 0.001
0.43
4.7) 88 (92.6) 88 (92.6)
.3) 7 (7.4) 7 (7.4)
7.4) 22 (23.2) 32 (33.7) 0.43
4.47 27.13 4.27 26.52 4.83 0.12
9.5) 20 (25.6) 33 (41.3) 0.001
0) 23 (24.2) 40 (42.1) 0.001
6.3) 48 (50.5) 60 (63.2) 0.04
3.2) 21 (22.1) 23 (24.2) 0.84
.4) 14 (14.7) 28 (29.5) 0.001
18.56 72.27 21.66 64.75 19.32 0.001
2.3) 67 (70.5) 77 (81.1) 0.35
10.52 75.6 13.39 80.69 13.54 0.02
14.49 119.4 13.44 120.82 14.92 0.55
10.61 69.92 9.64 72.23 11.70 0.07
7) 62 (68.9) 61 (68.5) 0.007
8) 21 (23.3) 17 (19.1) 0.001
1.90 63 (69.2) 54 (60.7) 0.007
7.2) 24 (26.4) 33 (37.5) 0.004
63.5 126.5 55.3 129.5 60.6 0.001
6.8) 88 (92.6) 84 (88.4) 0.14
1.1) 76 (80) 57 (60) 0.002
0.5) 15 (15.8) 31 (32.6) 0.001
5.8) 38 (40) 23 (24.2) 0.01
1.1) 43 (45.3) 26 (27.4) 0.004
2.1) 13 (13.7) 8 (8.4) 0.018atifiePatie
Longi
6.1 to
(n 
3.27
90 (9
5 (5
26 (2
7.35
15 (1
19 (2
44 (4
22 (2
7 (7
9.86
68 (7
4.12
9.63
69.8
63 (6
26 (2
77 (8
16 (1
18.4
92 (9
77 (8
10 (1
34 (3
39 (4
21 (2ration rate; HF  heart failure; HTN  hypertension; MI myocardial
taneous coronary intervention; SRs  systolic strain rate.
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November 23, 2010:1812–22 Strain Rate and Remodeling and Prognosis After MIodel with LV sphericity index (both end-diastolic and
nd-systolic) calculated as the ratio of LV volume and the
olume of a sphere with diameter identical to the LV
sphericity index  6V/L3) long axis.
ixel-tracking S and SR analysis. Baseline echocardiog-
aphy images from VALIANT echocardiograms were
onverted to DICOM images and analyzed by an offline
ixel-tracking software package (Velocity Vector Imag-
ng, Siemens, Inc., Mountain View, California) with a
rame rate of 30 frames/s. The software provides accurate
racking of myocardial motion, which provides angle-
ndependent 2D velocity, and has been validated by
ono-micrometry (17), and we have previously reported a
alidation of the video conversion and the reproducibility
f this technique (18). Peak longitudinal and circumfer-
ntial S and SRs curves were then computed automati-
ally (Fig. 1) by tracking the motion of acoustic objects
rame-by-frame, with minor manual adjustment in the
Baseline Clinical Characteristics of Patients StrTable 2 Baseline Clinical Characteristics of
Circu
Characteristic
<9.6
(n  105)
9.6 t
(n 
Age, yrs 62.1 12.5 62.8
Race
White 99 (94.3) 96 (9
Nonwhite 6 (5.7) 9 (7
Female 29 (27.6) 35 (3
BMI, kg/m2 26.7 3.8 27.9
NYHA III, n (%) 17 (19.5) 17 (1
Medical history
MI 17 (16.2) 28 (2
HTN 55 (52.4) 49 (4
DM 22 (21) 29 (2
HF 6 (5.7) 14 (1
eGFR, ml/min/1.73 m2 77.4 20.1 70.4
Killip class 1 80 (76.2) 78 (7
Heart rate, beats/min 72.0 10.9 75.8
Blood pressure, mm Hg
Systolic 122.1 15.2 120
Diastolic 70.5 11.1 70.7
Site of infarct (%)
Anterior wall infarct 61 (59.2) 60 (5
Inferior wall infarct 40 (38.4) 37 (3
Type of infarct (%)
Q-wave 76 (73.8) 65 (6
Non–Q-wave 28 (26.9) 34 (3
Time to randomization 104.8 55.1 117.2
Medications at time of
randomization
Aspirin 99 (94.3) 94 (8
Beta-blockers 89 (84.8) 79 (7
Digoxin 4 (3.8) 17 (1
Statin 38 (36.2) 39 (3
Thrombolytic therapy 47 (44.8) 40 (3
Primary PCI 28 (26.7) 19 (1Values are percentages, unless otherwise indicated.
Abbreviations as in Table 1.oint selection when necessary to ensure the best quality
f tracking. The beginning of the cardiac cycle was
efined by the QRS complex or maximal short-axis area.
higher degree of myocardial shortening was reflected
y more negative S and SRs values; the first quartile
epresented better SRs, whereas the fourth quartile rep-
esents reduced SRs in our study.
A composite longitudinal SRs value for each patient was
erived from the mean value of both apical 2- and
-chamber views (a total of 12 segments automatically
enerated by software), and the representative circumferen-
ial SRs of each patient was composed of the mean value
rom 6 LV mid-wall short-axis segments.
tatistical analysis. All continuous data were expressed as
ean  SD. Baseline patient data and echocardiographic
arameters were analyzed according to the SRs quartiles.
aseline continuous variables and the changes of continuous
ata were compared by Wilcoxon rank sum test for trend.
d by Circumferential SRs Groupnts Stratified by Circumferential SRs Group
tial SRs (100/ms)
7.4 to 5.8
(n  105)
>5.8
(n  105)
Trend
p Value
65.2 12.4 65.5 10.6 0.02
0.24
99 (94.3) 102 (97.1)
6 (5.7) 3 (2.9)
35 (33.3) 32 (30.5) 0.94
27.0 4.6 26.3 4.0 0.15
28 (32.2) 30 (33.3) 0.05
26 (24.8) 42 (40) 0.001
61 (58.1) 61 (58.1) 0.29
25 (23.8) 24 (22.9) 0.71
11 (10.5) 31 (29.5) 0.001
69.0 21.3 66.8 20.2 0.02
81 (77.1) 77 (73.3) 0.53
76.1 11.5 77.60 13.0 0.01
120.8 14.4 116.9 12.7 0.04
70.5 11.8 70.2 10.5 0.92
64 (63.3) 64 (61.7) 0.82
29 (28.7) 31 (30.6) 0.41
71 (70.3) 71 (69.6) 0.41
27 (27) 29 (29) 0.75
126.7 65.5 126.5 63.4 0.01
99 (94.3) 100 (95.2) 0.34
75 (71.4) 75 (71.4) 0.08
17 (16.2) 27 (25.7) 0.001
41 (39.1) 27 (25.7) 0.17
44 (41.9) 37 (35.2) 0.51
16 (15.2) 7 (6.7) 0.001atifiePatie
mferen
o 7.4
105)
13.3
2.4)
.6)
3.3)
4.5
9.8)
6.7)
6.7)
7.6)
3.3)
19.1
2.1)
12.4
 15.4
11.5
8.8)
6.2)
3.1)
3)
52.4
9.5)
5.2)
6.2)
7.1)
8.1)
8.1)
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Strain Rate and Remodeling and Prognosis After MI November 23, 2010:1812–22In the outcome evaluation, event rates were calculated
ith survival time data and expressed as events/100 patient-
ears. To determine the independent value of baseline SRs
n patient outcome, a multivariable Cox proportional haz-
rds regression model was used with the 10 most powerful
linical predictors of mortality identified with stepwise
ackward selection of a 70-covariate model from the overall
ALIANT study (3) (including age, Killip class, serum
reatinine, percutaneous coronary intervention, atrial fibril-
ation complicating MI, history of diabetes, congestive heart
ailure, MI, angina, and chronic obstructive pulmonary
isease) as well as WMSI and LVEF. We assessed the
ncremental value of baseline S and SRs over the 10 most
owerful clinical predictors and the standard echocardio-
raphic measures, with a time-dependent receiver-operator
Baseline Echocardiographic Characteristicsof Patients Stratified by Longitudinal SRs GroupTable 3 Baseline Ech ardiogr ph c Characof Patients Stratified by Longitudina
Long
Echocardiographic
Measurement
<6.1
(n  95)
6.1 to
(n 
EDV, ml 102.8 23.5 111.4
ESV, ml 59.2 16.1 66.2
Sphericity index (diastolic) 43.0 10.0 45.2
Sphericity index (systolic) 37.2 9.1 37.8
LVEF, % 42.7 4.4 40.7
LVMI, g/m2 87.9 23.9 94.0
LA volume index, ml/m2 21.8 6.4 24.0
Ratio between MR jet and
LA area, %
6.2 7.3 6.9
Infarct segment length, cm 6.0 1.6 6.79
Wall motion score index 1.6 0.3 1.81
Doppler
E/A ratio 1.3 0.6 1.4
DT, ms 190.7 46.1 184.4
DT  deceleration time; EDV  end-diastolic volume; ESV  end-systo
LVMI  left ventricular mass index; MR  mitral regurgitation; SR 
Baseline Echocardiographic Characteristicsof Patients Stratified by Circumferential SRs GroTable 4 Baseline Echo ardiograph c Characof Patients Stratified by Circumfere
Echocardiographic
Measurement
<9.6
(n  105)
EDV, ml 108.0 24.9
ESV, ml 62.9 15.9
Sphericity index (diastolic) 41.9 9.1
Sphericity index (systolic) 36.2 8.5
LVEF, % 41.9 4.0
LVMI, g/m2 89.2 24.3
LA volume index, ml/m2 22.9 7.1
Ratio between MR jet and LA area, % 5.8 7.4
Infarct segment length, cm 6.2 1.8
Wall motion score index 1.6 0.3
Doppler
E/A ratio 1.3 0.7
DT, ms 195.1 51.7Abbreviations as in Table 3.haracteristic method. We used the entire VALIANT study
o derive a single risk score with the 10 clinical predictors for
his receiver-operator characteristic analysis. The area under
he receiver-operator characteristic curve (AUC) at 18
onths in study time was used as a summary measure of
rediction accuracy. The difference of the AUC and corre-
ponding 95% confidence interval (CI) was calculated to
ompare a pair of prediction models, where 10-fold cross-
alidation estimates were used to reduce the bias in the
UC estimation (19).
Left ventricular remodeling presented as a binary out-
ome was defined as at least 15% increase of end-systolic
olume (ESV) from baseline to 20 months (20). Multiva-
iable logistic regression was performed with adjustment for
he same most powerful clinical variables.
ics
s Group
l SRs (100/ms)
4.7 to 4.0
(n  95)
>4.0
(n  95) Trend p Value
119.9 25.2 135.6 41.1 0.001
73.8 18.8 89.2 31.5 0.001
44.0 9.4 47.6 9.9 0.003
36.4 10.3 40.5 11.6 0.14
38.8 5.1 34.9 6.4 0.001
100.0 26.1 117.1 31.5 0.001
24.2 8.5 28.6 10.3 0.001
8.1 9.0 11.9 11.2 0.001
6.9 1.9 8.8 3.0 0.001
1.9 0.2 2.1 0.3 0.001
1.3 0.6 1.5 0.9 0.54
182.3 50.7 155.5 38.4 0.01
me; LA  left atrium/atrial; LVEF  left ventricular ejection fraction;
te.
ics
SRs Group
mferential SRs (100/ms)
to 7.4
105)
7.4 to 5.8
(n  105)
>5.8
(n  105)
Trend
p Value
 27.2 119.2 35.9 125.9 33.9 0.001
 20.8 73.2 24.9 81.1 27.2 0.001
 11.6 46.7 12.1 45.8 10.29 0.04
 11.1 39.8 12.8 39.3 10.6 0.04
 5.9 39.0 4.8 36.4 7.0 0.001
 21.1 104.9 32.1 110.3 30.8 0.001
 7.9 24.9 8.8 28.2 8.7 0.001
 8.4 9.48 9.9 10.4 10.2 0.001
 1.8 7.2 2.0 8.2 2.6 0.001
 0.3 1.9 0.3 2.1 0.3 0.001
 0.7 1.5 0.7 1.4 0.8 0.76
 52.4 175.8 44.2 158.3 37.0 0.001terist
l SR
itudina
4.7
95)
29.7
19.3
11.6
11.2
4.7
25.4
8.2
9.53
1.72
0.31
0.7
49.8upterist
ntial
Circu
9.6
(n 
115.3
69.6
45.8
38.4
40.1
93.8
23.4
7.2
6.7
1.8
1.4
192.0
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November 23, 2010:1812–22 Strain Rate and Remodeling and Prognosis After MIClinical outcomes for this study included death (all-cause
ortality), combined death or HF with hospital stay, death
rom cardiovascular causes (cardiovascular death), and com-
ined cardiovascular death or HF with hospital stay. All
linical outcomes including hospital stay for HF were adjudi-
ated by an independent Clinical Endpoints Committee.
A p  0.05 (2-sided) was used to determine statistical
ignificance. Statistical analyses were performed with
TATA software, version 8.0 and R version 2.6.2 (Stata-
orp., College Station, Texas).
esults
aseline characteristics. There were minimal differences
etween patients who were included in this cohort and those
ho had to be excluded because of image quality. The baseline
linical characteristics of the cohort on the basis of longitudinal
nd circumferential SRs value quartile are listed in Tables 1
HRs (95% CI) for Adverse Clinical Outcomes byS With and Without Adjustment for LVEF andTable 5 HRs (95% CI) for Adverse Clinic l OSRs With and Without Adjustment f
Outcomes
No. of Events/
No. of Patients
(%)
Una
(
Longitudinal S and SRs
Death 62/380 (16.3)
S (%) 1.
p
SRs (100/ms) 2.5
p
CV death 55/380 (14.5)
S (%) 1.
p
SRs (100/ms) 2.5
p
Death or hospitalization for HF 102/380 (26.8)
S (%) 1.
p
SRs (100/ms) 2.6
p
Circumferential S and SRs
Death 77/420 (18.3)
S (%) 1.2
p
SRs (100/ms) 1.4
p
CV death 69/420 (16.4)
S (%) 1.2
p
SRs (100/ms) 1.5
p
Death or hospitalization for HF 117/420 (27.9)
S (%) 1.2
p
SRs (100/ms) 1.3
p
*Adjusted for age, sex, history of MI, history of hypertension, Killip clas
fibrillation post-MI, and primary PCI for index MI and LVEF.
CI  confidence interval; HR  hazard ratio; S  strain; other abbrend 2. The representative S and SRs in the VALIANT study Lere 7.69  2.65 (%) and 5.10  1.63 (100/ms) for
ongitudinal and 11.48  4.81 (%) and 7.99  2.83
100/ms) for circumferential, respectively. Both reduced lon-
itudinal and circumferential SRs value were associated with
ncreasing age and worse heart failure functional class but not
elated to sex or race. Patients with reduced SRs were more
ikely to have had previous MI and a history of heart failure,
orse renal function (presented as estimated glomerular filtra-
ion rate), history of hypertension, and longer time from onset
f MI to randomization (Tables 1 and 2). Increased longitu-
inal SRs was associated with thrombolytic therapy and
rimary angioplasty, and greater circumferential SRs was
ssociated with a higher primary angioplasty rate.
chocardiographic data. Both reduced longitudinal and
ircumferential SRs were strongly associated with increased
aseline EDV, ESV, longer infarct segment length, higher
MSI, higher mitral regurgitation jet/LA ratio, and lower
rent S andcal Variablesmes by Different S and
EF and Clinical Variables
d HR
I)
LVEF-Adjusted HR
(95% CI)
Multivariate Adjusted HR*
(95% CI)
1.4) 1.3 (1.1–1.4) 1.2 (1.1–1.4)
01 p  0.001 p  0.002
3.2) 2.74 (2.1–3.6) 2.87 (2.0–4.0)
01 p  0.001 p  0.001
1.5) 1.3 (1.1–1.4) 1.2 (1.1–1.4)
01 p  0.001 p  0.005
3.3) 2.82 (2.1–3.8) 2.97 (2.1–4.3)
01 p  0.001 p  0.001
1.4) 1.2 (1.1–1.3) 1.2 (1.1–1.3)
01 p  0.001 p  0.003
3.2) 2.78 (2.2–3.5) 2.68 (2.1–3.5)
01 p  0.001 p  0.001
1.3) 1.20 (1.1–1.3) 1.19 (1.1–1.3)
01 p  0.001 p  0.001
1.6) 1.43 (1.3–1.6) 1.36 (1.2–1.6)
01 p  0.001 p  0.001
1.3) 1.21 (1.1–1.3) 1.21 (1.1–1.3)
01 p  0.001 p  0.001
1.7) 1.49 (1.3–1.7) 1.44 (1.2–1.7)
01 p  0.001 p  0.001
1.3) 1.18 (1.1–1.2) 1.18 (1.1–1.2)
01 p  0.001 p  0.001
1.5) 1.35 (1.2–1.5) 1.29 (1.2–1.4)
01 p  0.001 p  0.001
ry of chronic obstructive pulmonary disease, history of diabetes, atrial
s as in Tables 1 and 3.DiffeCliniutco
or LV
djuste
95% C
3 (1.2–
 0.0
0 (2.0–
 0.0
3 (1.2–
 0.0
7 (2.0–
 0.0
3 (1.2–
 0.0
6 (2.2–
 0.0
1 (1.1–
 0.0
6 (1.3–
 0.0
2 (1.1–
 0.0
2 (1.3–
 0.0
0 (1.1–
 0.0
9 (1.3–
 0.0
s, histoVEF (Tables 3 and 4). Also, both reduced SRs were
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ndex. Reduced circumferential SRs was associated with
oth worse systolic and diastolic LV sphericity index,
hereas reduced longitudinal SRs was only associated with
orse diastolic index. Other conventional echocardio-
Rs (95% CI) for All Cause Mortality With and Without AdjustmentTable 6 HRs (95% CI) for All Cause Mortality With and Withou
Quartile
<9.5 9.5 to 7.3
Death, n (%) 6 (6.32) 10 (10.53)
Incidence rate/
100 patient-yrs (95% CI)
3.7 (1.7–8.2) 6.2 (3.3–11.6)
Univariate Reference 1.7 (0.6–4.7); p 0.307 3.4 (
Multivariate Reference 1.5 (0.5–4.2); p 0.457 2.5 (
Multivariate with LVEF Reference 1.5 (0.5–4.2); p 0.471 2.5 (
Multivariate with LVEF and
WMSI
Reference 1.4 (0.4–4.5); p 0.6 2.3
Quartiles
<6.1 6.1 to 4.7
Death, (n) % 2 (2.11) 5 (5.3)
Incidence rate/
100 patient-yrs (95% CI)
1.2 (0.3–4.7) 3.0 (1.3–7.3)
Univariate Reference 2.6 (0.5–13.2); p 0.262 7.4 (1
Multivariate Reference 2.1 (0.4–10.9); p 0.377 5.4 (1
Multivariate with LVEF Reference 2.3 (0.4–12.2); p 0.32 6.1
Multivariate with LVEF and
WMSI
Reference 1.4 (0.2–8.5); p 0.74 5.3
djusted for age, sex, history of MI, history of hypertension, Killip class, history of chronic obstructive
oronary angioplasty for index MI.
WMSI  wall motion score index; other abbreviations as in Tables 1 and 3.
Rs (95% CI) for All-Cause Mortality With and Withoutdjustment Stratified by Circumferential S SRs GroupTable 7 HRs (95% CI) for All-Cause Mortality With and WithoutAdjustment Stratified by Circumferential S and SRs Gr
Quartiles
<14.6 14.6 to 10.8
Death, n (%) 9 (8.57) 13 (12.38)
Incidence rate/
100 patient-yrs (95% CI)
5.0 (2.6–9.7) 7.5 (4.3–12.9)
Univariate Reference 1.5 (0.6–3.5); p 0.364 2.3 (
Multivariate Reference 1.5 (0.6–3.7); p 0.362 1.5 (
Multivariate with LVEF Reference 1.5 (0.6–3.6); p 0.39 1.5 (
Multivariate with LVEF and
WMSI
Reference 1.3 (0.5–3.3); p 0.523 1.5 (
Quartiles of
<9.6 9.6 to 7.4
Death, (n) % 6 (5.71) 11 (10.48)
Incidence rate/
100 patient-yrs (95% CI)
3.3 (0.3–4.7) 6.3 (1.3–7.3)
Univariate Reference 1.9 (0.7–5.1); p 0.218 3.2 (
Multivariate Reference 1.3 (0.5–3.7); p 0.576 2.2 (
Multivariate with LVEF Reference 1.3 (0.5–3.7); p 0.604 2.1 (
Multivariate with LVEF and
WMSI
Reference 1.2 (0.4–3.6); p 0.72 2.2 (
djusted for age, sex, history of MI, history of hypertension, Killip class, history of chronic obstructive
oronary angioplasty for index MI.
Abbreviations as in Tables 1, 3, and 6.raphic parameters across longitudinal and circumferential
Rs quartiles are listed in Tables 3 and 4.
ndependent prognostic value of longitudinal and
ircumferential S and SRs in different clinical outcomes. In
he 380 cases where longitudinal SRs was available, 63
tified by Longitudinal S and SRs Groupstment Stratified by Longitudinal S and SRs Group
ngitudinal Strain (%) Overall
Model
Chi-Squareto 5.8 >5.8 p Value (trend)
0) 27 (28.4)
.2–20.3) 19.7 (13.5–28.7)
6); p 0.008 5.2 (2.1–12.5); p 0.001 0.001 24.0
5); p 0.059 3.8 (1.5–9.5); p 0.001 0.001 49.6
4); p 0.065 3.6 (1.3–9.6); p 0.011 0.002 49.6
7); p 0.13 2.5 (0.7–8.5); p 0.135 0.071 45.2
itudinal SRs (100/ms) Overall
Model
Chi-Squareto 4.0 >4.0 p Value (trend)
4.7) 41 (43.2)
.3–15.2) 34.2 (25.2–46.4)
.7); p 0.008 26.0 (6.3–107.3); p 0.001 0.001 68.9
.5); p 0.029 18.0 (4.2–77.5); p 0.001 0.001 79.4
8); p 0.02 21.6 (5.2–110.1); p 0.001 0.001 81.1
8); p 0.04 22.7 (4.5–115.7); p 0.001 0.001 76.6
nary disease, history of diabetes, atrial fibrillation post-MI, and primary percutaneous transluminal
cumferential Strain (%) Overall
Model
Chi-Squareto 7.9 >7.9 p Value (trend)
8.10) 36 (34.29)
.5–18.5) 25.9 (18.7–36)
0); p 0.043 5.0 (2.4–10.3); p 0.001 0.001 27.1
7); p 0.336 3.8 (1.7–8.5); p 0.001 0.001 72.6
6); p 0.367 3.6 (1.6–8.3); p 0.002 0.001 73.0
7); p 0.416 3.0 (1.2–7.4); p 0.02 0.009 66.3
mferential SRs (100/ms) Overall
Model
Chi-Squareto 5.8 >5.8 p Value (trend)
7.14) 42 (40)
.3–15.2) 32.4 (25.2–46.4)
1); p 0.013 9.1 (3.9–21.5); p 0.001 0.001 47.8
6); p 0.11 5.6 (2.3–13.8); p 0.001 0.001 83.8
5); p 0.127 5.4 (2.2–13.5); p 0.001 0.001 84.0
0); p 0.113 5.2 (1.9–14.2); p 0.001 0.001 76.3
nary disease, history of diabetes, atrial fibrillation post-MI, and primary percutaneous transluminalStrat Adju
s of Lo
7.3
19 (2
12.9 (8
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November 23, 2010:1812–22 Strain Rate and Remodeling and Prognosis After MI16%) patients developed HF and 62 (16%) patients died;
or those with circumferential SRs available (total 420
ases), 69 (16%) patients developed HF and 77 (18%) died.
oth longitudinal and circumferential S or SRs at baseline
ere independently associated with all-cause mortality and
ombined death or HF hospital stay (Table 5). Even after
ultivariate adjustment for clinical variables, WMSI and
VEF, both reduced longitudinal and circumferential SRs
ere strongly associated with higher risk of all-cause mor-
ality (Tables 6 and 7). Furthermore, increasing quartiles of
ongitudinal and circumferential SRs were associated with
ncreased risk, with patients in the fourth quartile of
ongitudinal and circumferential SR showing a 24-fold
95% CI: 5.2- to 110.1-fold) and 5.6-fold (95% CI: 2.3- to
3.8-fold) increased risk of death and a 29.5-fold (95% CI:
.0- to 124.4-fold) and 5.0-fold (95% CI: 2.4- to 10.4-fold)
ncreased risk of combined cardiovascular death or HF
Figure 2 Outcomes Based on Longitudinal and Circumferential
Association between longitudinal and circumferential systolic strain rate (SRs) by q
for heart failure (HF). The absolute value of SRs is decreasing from the first to fou
quartile (absolute value) with significant p value (0.001). CI  confidence intervaospital stay (Fig. 2), respectively. Lncremental value of longitudinal and circumferential
Rs to LVEF and clinical variables for predicting all-
ause mortality. Longitudinal and circumferential S and
Rs were incrementally predictive of all-cause mortality
hen added to LVEF and the 10 most powerful clinical
ariables (Fig. 3). Although longitudinal SRs alone added
ignificant incremental value in the prediction of death
AUC increased from 0.70 to 0.83; 95% CI: 0.14 to 0.07,
 0.01), circumferential SRs did not improve significantly
eyond baseline LVEF and clinical variables (AUC in-
reased from 0.75 to 0.80; p  0.22).
elationship between baseline SRs and LV structure and
ubsequent LV remodeling. Figure 4 reveals the relation-
hip between both longitudinal and circumferential SRs and
VESV. With increasing LVESV, there was a graded
eduction of longitudinal SRs value, whereas circumferential
Rs remained relatively preserved initially until the last 2
Quartiles
and the incidence of death and combined cardiovascular death or hospital stay
artile with worsening function. All adverse outcomes were lower in higher SRs
 hazard ratio; SR  strain rate.SRs
uartile
rth qu
l; HRVESV categories. Patients who demonstrated LV remod-
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erential SRs value when compared with those without
emodeling. Circumferential SRs but not longitudinal SRs
as predictive of ventricular remodeling at 20 months after
djustment for clinical variables (Fig. 5) (odds ratio: 1.3,
5% CI: 1.1 to 1.4, p  0.001).
iscussion
e examined the clinical prognostic value of both baseline
ongitudinal and circumferential SRs in predicting various
Figure 3 Diagnostic Value ROC Curve of Various Models
The receiver-operator characteristic (ROC) curve testing diagnostic value of left
ventricular ejection fraction (LVEF), clinical variables, wall motion score index,
longitudinal strain (S), systolic strain rate (SRs) in predicting death (all cause)
after acute myocardial infarction. Various models have different patient num-
bers that might lead to a small difference in area under the receiver-operator
characteristic curve (AUC).linical outcomes and subsequent LV remodeling after high-isk MI. We found that both longitudinal and circumferential
unction evaluated by speckle-tracking–based deformation im-
ging were strong predictors after high-risk MI, with longitu-
inal SRs adding significant incremental value in the predic-
ion of all-cause mortality beyond LVEF. Circumferential
Rs, an assessment of short-axis function, further helped
dentify patients at risk of future LV remodeling.
Figure 4 Relationship Between Longitudinal
and Circumferential SRs and LVESV
The white arrow indicated continuous deterioration of longitudinal function
relating to increasing left ventricular end-systolic volume (LVESV) (from category
1 to 5) with initial relatively preserved circumferential systolic strain rate (SRs).
Patients who developed LV remodeling at 20-month follow-up had generally
lower circumferential SRs (pink arrow) value when compared with those who
did not develop remodeling (dark arrow).
Figure 5 Circumferential SRs But Not Longitudinal
SRs Predictive of Ventricular Remodeling
The risk of left ventricular (LV) remodeling from baseline to 20-month follow-up
according to longitudinal and circumferential systolic strain rate (SRs) quartiles.
Odds ratio (OR) (log) was adjusted for clinical variables most predictive of clini-
cal outcomes in the VALIANT (Valsartan in Acute Myocardial Infarction Trial)
main study.
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November 23, 2010:1812–22 Strain Rate and Remodeling and Prognosis After MIStrain rate imaging on the basis of speckle-tracking
echnique represents the velocity gradient between 2 spatial
oints in relation to each other and overcomes noise artifacts
ssociated with Doppler velocity imaging, whereas S repre-
ents the mathematical integration of SR imaging over time
10,21). The SR imaging, either longitudinal or circumfer-
ntial, has recently been proved to correlate well with infarct
ize and transmural extent after MI (22,23). Compared with
, SR seems to be less load-dependent, might be a better
easure of contractility, and is theoretically more sensitive
han S to myocardial pathology (24,25). On the basis of the
uperiority of global SR to S and other traditional echo
ethods in predicting infarct size and assessment of myo-
ardial viability from these previous studies, we hypothe-
ized that the average SR from all myocardial regions—
eflecting the total extent of the whole myocardial damage
fter infarction—might provide a better surrogate for as-
essment of global contractile performance with better
rediction of clinical outcomes after MI (6,26,27). However,
ata regarding the role and long-term prognostic value of such
ixel-tracking–based SR imaging in patients after MI, either
ongitudinal or circumferential, have been lacking.
Longitudinal S and SR have been shown to be sensitive
ndicators for patients with subclinical ventricular dysfunc-
ion (13,14,28) and correlate with myocardial fibrosis,
hich might serve as a marker of risk in patients with
ardiac diseases (29,30). In patients with coronary artery
isease, the subendocardial longitudinal myofiber is more
ensitive and susceptible to myocardial hypoperfusion and
hus is prone to earlier damage leading to impaired longi-
udinal function (12,14,21,31). Longitudinal SR further
dded incremental prognostic value to WMSI in patients
ndergoing stress echocardiography (32,33). Short-axis
unction assessed by circumferential shortening, in contrast,
s determined predominantly from circumferential fiber
ontraction (34) and helps maintain global ventricular func-
ion in subclinical LV abnormality or when longitudinal
unction is severely impaired and has been shown to be
rucial for favorable LV remodeling after cardiac resynchro-
ization therapy (13,14,35).
In the current study, we observed the independent prog-
ostic value of both longitudinal and circumferential S and
Rs imaging over and above LVEF, WMSI, and clinical
ariables in patients with high-risk MI. Additionally, lon-
itudinal SRs further added incremental value beyond EF in
he prediction of all cause mortality. The highly predictive
alue of longitudinal function is further underscored by the
bservation that very few events occurred in the highest SRs
roup during the 2-year follow-up period. In contrast to
hat of previous assessments of the predictive value of
ongitudinal S after infarction (36), our patient population
as larger and included well-characterized high-risk pa-
ients not limited to anterior wall infarction.
The increase in mid-cavity size with a more “globular-haped” LV sphericity during the remodeling process, rhich has been associated with adverse outcomes (37), has
een proposed to result from failure of short-axis function to
vercome increased wall stress with subsequently reduced
entricular efficiency, leading to ultimate decompensation
13,37,38). Actually, LV volume expansion leading to worse
lobal geometry and sphericity was more attributable to the
ncrease in LV mid-cavity width instead of LV length
13,37). Indeed, we observed an association between LV
phericity and circumferential function and that graded
ncrease in ESV in the early stage was associated with
rogressive longitudinal functional deterioration with rela-
ively preserved circumferential function. Furthermore, re-
uced circumferential SR per se was an important determi-
ant in the development of further LV dilation from
aseline to 20 months. Therefore, circumferential function
ight play a pivotal role in maintaining LV structure and
ensile strength in patients with early stage heart failure, and
hat failure to restrain the LV from worse circumferential
unction might contribute to further LV enlargement.
A number of limitations of this analysis should be noted.
issue deformation imaging based on pixel-tracking tech-
ique relies on above-average image quality for good data
xtraction, and continuous endocardial border motion
ould be the major determinant in enrollment. In this
tudy, the need for high-quality images resulted in a
elatively large number of studies that could not be analyzed.
evertheless, we observed minimal baseline differences
etween those patients who were included in the analysis
nd those who were not. The assumption of constant
peckle pattern throughout cardiac cycle, out-of-plane mo-
ion, reverberations, dropouts, and the differences between
xial and lateral resolutions are all factors that might alter
he real S and SR value, although their significance in
linical studies have not yet been clarified. Finally, defor-
ation analysis from videotapes will be associated with
orse image quality than digitally acquired studies, al-
hough we and others have shown comparable results from
ood-quality video-based images and minimal differences
ue to reduction in temporal resolution (18,39).
onclusions
e demonstrated that both longitudinal and circumferential
R were predictive of clinical outcomes independent of global
VEF, WMSI, and clinical variables. Although global LV
ontractility evaluated by longitudinal SR added significant
ncremental prognostic value to baseline LVEF and clinical
ariables in the prediction of all-cause mortality after high-risk
I, circumferential SR helps predict long-term LV remodel-
ng. These data further support the concept that longitudinal
unction is more sensitive to myocardial damage, whereas
ircumferential function—which might remain preserved
hen the LV begins to deteriorate—serves as a short-axisestraint to prevent further LV geometric expansion.
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